To identify genes with altered expression levels in the degenerating retina in a light-induced retinal degeneration (LIRD) model. METHODS. Adult Sprague-Dawley rats were exposed to intense green light for 4 hours. After this treatment, the retinas were excised, RNA was extracted, and a cDNA library was prepared. The cDNA library was differentially cross-screened with probes representing 0-hour and 4-hour light-exposed rat retina. Transcripts with altered expression levels were sequenced and expression was confirmed by Northern blot analysis. Gene-specific primers were designed and used to examine the expression levels of other genes involved in protein synthesis. Promoter sequences of the ribosomal-binding protein (Rbp) genes were analyzed for transcription-binding sites. RESULTS. Of the 10,000 clones that were initially screened, 41 exhibited altered expression levels. Six of these corresponded to five known Rbp genes. Six additional Rbp genes were also examined. In total, 9 of 11 Rbp genes exhibited an increase in expression levels in response to a 4-hour light exposure. In contrast, the transcript levels of elongation factor 1␣1 and 18S rRNA did not increase. The most abundant transcription factor-binding sites conserved in the promoter regions of all Rbp genes examined in this study include AP-1, Oct-1, V-myb, USF, Pax-4, and the FOX family of transcription factors.
L ight-induced retinal degeneration (LIRD) in rats leads to photoreceptor cell loss. 1, 2 In the case of human retinal disorders such as retinitis pigmentosa (RP), the primary genetic lesion in different clinical forms vary, but the eventual outcome is always photoreceptor cell loss leading to blindness. In both human disease and LIRD, active cell death is believed to underlie the eventual loss of visual cells. 3 However, in contrast to RP, LIRD in rodents involves synchronous damage to numerous photoreceptors in a short period. The extent of visual cell loss in LIRD varies with age, genetics, diet, and prior light-exposure history of the experimental animal. 2, 4, 5 The precise cellular events that lead to the pathologic changes that underlie the process of retinal degeneration is not completely understood.
The mechanism that leads to light-induced visual cell loss involves an oxidative-stress-mediated apoptotic pathway 1,4,6 -8 that is initiated by the bleaching of rhodopsin. 1 Pretreatment of animals with antioxidants such as ascorbate and dimethylthiourea (DMTU) has been found to ameliorate the effects of intense light treatment. 2,8 -13 Apoptosis is an active process that requires altered gene and protein expression. 14 We and other research groups have already demonstrated that the retina responds to intense light exposure through alterations in the transcript levels of specific expressed genes. [15] [16] [17] These genes include clusterin, hemeoxygenase1, IRBP, c-fos, c-jun, the caspases, and RPE65. A systematic analysis of a series of knockout mice has revealed that the effects of LIRD are p53 independent 18 and appear to be either AP-1 or transducin dependent. 19 The observations of fragmented DNA and elevated levels of caspase expression in retinal tissue after intense green or blue light exposure suggest that a classic caspase cell death pathway is involved in the LIRD process. 16,20 -25 In contrast, several studies have reported induction of retinal degeneration by a caspase-independent mechanism, suggesting that there may be more than one pathway that leads to LIRD. 26, 27 For the most part, little is known about the precise molecular events that occur in the retina between the initial light-induced bleaching of rhodopsin and the final loss of photoreceptor cells in LIRD.
In this study, we used a differential screening approach to analyze a cDNA library representative of intense-light-exposed rat retinas. The goal was to identify LIRD-associated genes that may define early events in LIRD. In our initial screening of 10,000 clones, we identified 41 that were representative of intense light-inducible or -repressible genes. Twelve of these genes (29% of all clones identified) are involved in the process of protein synthesis and six of these (15% of all clones identified) correspond to known ribosomal binding protein (Rbp) genes. Ribosomal proteins associate with either the large or small subunit of ribosomes and help regulate the process of protein synthesis. The eukaryotic ribosome is composed of four ribosomal RNA (rRNA) molecules and Ͼ80 Rbps. 28, 29 Each Rbp gene appears to represent an evolutionarily conserved sequence. 30 A general concept is that changes in the specific types of Rbps that interact with the ribosome may alter the mechanism by which the translational machinery functions. In addition to their roles in ribosome function, several Rbps are thought to be multifunctional. Several ribosomal proteins have been associated with DNA damage repair, cell cycle regulation, cell differentiation, oogenesis, development, and cell death. 30 -42 Several of the genes examined in the present study, Rps3, 44 Rps3a, 31 and Rpl7 36 have been associated with a role in apoptosis in nonretinal models of active cell death. Alterations in Rbp gene expression have been associated with various human diseases, including several different cancer states as well as age-related cataracts. 31, 43 Our differential analysis of a light-exposed retina-derived cDNA library provides new evidence that select Rbp genes alter their levels of expression over the course of LIRD. In addition, changes in expression were found for genes coding for large and small ribosomal subunit protein genes, suggesting that alterations in both subunits may be important. Moreover, because of the multifunctional nature of some Rbp genes, it is uncertain whether it is the direct role that they have in protein synthesis or their alternate roles that have an integral impact on a retinal degenerative phenotype. Aspects of all these issues are discussed in light of our data.
MATERIALS AND METHODS

Animals
Weanling male albino Sprague-Dawley rats were obtained from Harlan, Inc. (Indianapolis, IN) and maintained in darkness until 60 days of age. The rats were then exposed to intense visible light for up to 16 hours. Light exposures were started at 9 AM and performed in green Plexiglas chambers (no. 2092; Dayton Plastics, Dayton, OH) transmitting 490 to 580 nm light 1 with an illuminance of 1200 lux. Some rats were given the synthetic antioxidant dimethylthiourea (DMTU) at a dose of 500 mg/kg intraperitoneally, 24 hours before and again just before light treatment. Rats were killed in carbon dioxide-saturated chambers immediately after exposure to light and retinas were excised, flash frozen on dry ice, and stored at Ϫ70°C. For each treatment point in a single light-exposure profile (for example, 0, 4, 8, and 16 hours) retinas were pooled from at least five animals. The treatment profile was repeated with additional groups of animals three times. In all cases, animals were cared for in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
RNA Isolation and cDNA Library Synthesis
Total RNA from all samples was isolated (RNAzol; Tel-Test, Inc., Friendswood, TX) according to the manufacturer's protocol. RNA was dissolved in diethyl pyrocarbonate (DEPC)-treated water and kept frozen at Ϫ70°C until use. Isolated RNA was run on a 1% agarose gel and visualized after ethidium bromide staining over UV light, to verify the integrity of the 28S and 18S rRNA in the sample. Poly(A ϩ ) mRNA was isolated from total RNA extracted from retinas taken from animals exposed to 4 hours of light (Oligotex mRNA Mini kit; Qiagen, Mississauga, Ontario, Canada). The poly(A ϩ ) mRNA was quantified and used for synthesis of a cDNA library. The cDNA library was constructed with a kit (ZAP cDNA Synthesis kit and a UNIZAP-XR/Gigapack III Gold Cloning kit) according to the manufacturer's protocols (Stratagene, La Jolla, CA). The quality of the cDNA synthesized was confirmed by gel electrophoresis and autoradiography. Size fractionation of the cDNA was performed to ensure that most of the clones generated would be at least 500 bp in length.
Probe Synthesis
Total cDNA was synthesized from purified mRNA, from the unexposed and 4-hour light-exposed retina, using a standard cDNA synthesis kit (Invitrogen-Gibco, Gaithersburg, MD). cDNA was radiolabeled with [␣ 32 P] dCTP, dGTP, and dATP by random oligo-nucleotide labeling. Clones representing Rpl7, Rpl12, Rpl19, Rpl30, and Rps16, which were used as probes, were isolated from the cDNA library. Clones representing rat Rpl5, Rps2, Rps3, Rps3a, and Rps10 were purchased from Research Genetics (Gaithersburg, MD). A clone representing human Rps28 was isolated in a separate series of experiments (data not shown). Insert DNA from each clone was amplified with T7 and T3 primers that flanked the insertion site and was radiolabeled with [␣ 32 P] dCTP using a standard random oligo-nucleotide labeling reaction. DNA fragments for elongation factor (EF) 1␣1, 18S rRNA, and actin were synthesized using RT-PCR and the primers listed in Table 1 . RT PCR was performed with a kit according to the protocol provided (One Step RT-PCR; Invitrogen, Carlsbad, CA).
cDNA Library Screening
Duplicate plaque lifts of the plated cDNA library were made as previously described. 45 Plaque lifts were prehybridized (Hybrisol II; Chemicon International, Temecula, CA) for 4 hours at 65°C. For each pair of duplicate lifts, one was hybridized with radiolabeled cDNA probe representing the unexposed retina in the solution at 65°C overnight and the second was hybridized with the radiolabeled cDNA probe representing the 4-hour light-exposed retina under the same conditions. The plaque lifts were then washed twice at 65°C in 2ϫ SSC for 15 minutes, once in 2ϫ SSC and 0.1% SDS for 30 minutes, and once in 0.1ϫ SSC and 0.1% SDS for 10 minutes. Autoradiography was performed at Ϫ70°C (X-OMAT film; Kodak, Rochester, NY) between two intensifying screens. Visual inspection of the developed autoradiographs led to the identification of clones showing differential hybridization patterns with the two cDNA probes in question. These clones were isolated and transferred into 500 mL of SM buffer with 10% chloroform and stored at 4°C. 46 The cDNA inserts from the differentially selected clones were PCR amplified using T7 and T3 primers and arrayed onto nylon membranes (Genescreen Plus; Dupont-NEN, Boston, MA). Arrays were screened as described for the plaque lifts as a secondary screen.
Sequence Analysis of Differentially Expressed Clones
PCR amplified cDNA inserts from the differentially selected clones were purified (QIAquick Gel Extraction kit; Qiagen). A DNA sequencing kit (Prism; Applied Biosystems [ABI], Warrington, UK) and either SK or T7 primers were used for single-pass automated sequencing, according to the manufacturer's protocol. Sequencing reactions were electrophoresed on an automated sequencer (model 377; ABI). DNA sequences were analyzed with the BLAST program (http:// www.ncbi.nlm.nih.gov/BLAST/; provided in the public domain by the National Center for Biotechnology Information [NCBI], Bethesda, MD).
Northern Blot Analysis
Total RNA was electrophoresed in 1.2% agarose gels in a standard formaldehyde running buffer system. Northern transfer onto nylon membrane (Genescreen Plus; Dupont, NEN) was performed by passive blotting. Prehybridization and hybridization with radiolabeled DNA probes were performed as described earlier. In all cases, the expression profile of each gene examined was verified on Northern blot analysis made from a different set of mRNA samples extracted from independent sets of animals subjected to the same treatment profile as the animals represented on the initial blot screened. Densitometry of distinct bands was performed on each autoradiograph using the histogram function of image-analysis software (Photoshop, ver. 5; Adobe Systems, Mountain View, CA). A normalized value was calculated as follows: net intensity of the band minus the net intensity of the background divided by the net intensity of the RNA loading control minus the net intensity of the corresponding background. To ensure that data sets derived from independent animal sets and Northern analyses were comparable, the normalized value for retinas without any light exposure was set at 1. All statistical calculations were made on computer (Excel 97; Microsoft, Redmond, WA) and all averages were calculated using three independently determined values (n ϭ 3).
In Silico Promoter Analysis
Full rat gene sequences were obtained directly from GenBank (http:// www.ncbi.nlm.nih.gov/Genbank; provided in the public domain by the National Center for Biotechnology Information, Bethesda, MD). They included Rpl7: XM_216318, chromosome 5 NW_043815; Rpl30: NM_022699, chromosome 7 NW_047778; Rps3a: NM_017153, chromosome 2 NW_043532; Rpl5: NM_031099, chromosome 14 NW_047419; Rps2: NM_031838, chromosome 10 NW_042648; Rps10: NM_031109, chromosome 20 NW_043430; Rpl19: NM_031103; chromosome 10 NW_042672; Rps3: XM_214997, chromosome 1 NW_043387; Rps16: XM_341815, chromosome 1 NW_043361; Rpl12: XM_216039, chromosome 3 NW_043713; and Rps28: chromosome 7 NW_047773). For all genes, the transcription start site (TSS) was considered to be the 5Ј end of the gene (ϩ1) and a 4.5-kbp region upstream of the TSS was retrieved. The 4.5-kbp upstream region of each gene was analyzed for known transcription factor (TF) binding motifs, using the MATCH program (http://www.bioinfo.de/isb/gcb01/ poster /index.html) provided by Biobase Biological Databases (Wolfenbuttel, Germany; http://www.gene-regulation.com/). The following search parameters were used: (1) group of matrices, vertebrates; and (2) high-quality matrices only, with the cutoff selection for matrix group set to minimize the sum of both the false positives and false negatives. Results obtained were transferred to disk (Excel 97; Microsoft) for further analysis with respect to quantifying the number of TF DNA-binding motifs present.
RESULTS
Differentially Expressed Genes Involved in Protein Metabolism
Ten thousand clones were examined in the initial plaque lift screens. Secondary screening followed by sequencing and sequence analysis identified 31 clones with identities to known rat genes, 7 novel rat clones with sequence similarities to genes defined in other species, and 3 novel uncharacterized rat genes. In total, 41 putative 4-hour light-inducible, differentially expressed genes were identified ( Table 2) . Five of the clones represented known retinal enriched genes such as opsin, rod transducin and S-antigen (arrestin), which we would expect to be differentially expressed in our system. The clones identified could be placed into several large functional gene categories based on sequence similarity to known genes ( 
18S rRNA Levels during LIRD
Analysis of 18S rRNA levels by ethidium bromide staining is a well-accepted RNA loading control for Northern blot analysis of total RNA. 47 18S rRNA, however, is a component of the protein synthesis machinery. Given the observation that 12 of the 41 clones isolated are related to protein synthesis led us to question the appropriateness of using 18S rRNA as the loading control. Typically, we load approximately 5 m of total RNA per lane on an agarose gel and after electrophoresis we invariably found that ethidium bromide staining of the samples gave a uniform 18S rRNA profile (Fig. 2, top) . We also generated a DNA fragment based on the known ribosomal 18S rRNA nucleotide sequence and used it to screen the Northern blot of the gel shown in the top blot (Fig. 2, middle) . The resultant autoradiograph shows uniform labeling of the 18S ribosomal band. The Northern blot was stripped and rescreened with a probe for ␤-actin (Fig. 2, bottom) . The resultant autoradiograph also showed evidence of a uniform level of ␤-actin hybridization to the blot. Ethidium bromide staining of 18S ribosomal RNA, radioactive probing for 18S RNA, or radioactive probing for ␤-actin are therefore all usable markers to control for uniform loading of total RNA samples when examining LIRD. Because of the functional nature of the genes we examined in the present study, we decided to use ␤-actin as the loading control for subsequent experiments, as it does not have a known role in the protein synthesis machinery.
Effect of Light-Induced Oxidative Stress on Expression of Rpl7
Two independently isolated clones from our cDNA library screen were found to represent the Rbp gene Rpl7 ( Table 2 ). Given that only 41 clones were isolated from a screening of 10,000 clones, the isolation of two clones representing the same gene is significant and suggests that Rpl7 may be highly expressed after a 4-hour exposure to light. To test this, we used the clone for Rpl7 as a probe to screen a light-treatment Northern profile (Figs. 3A, 3B ). Rpl7 levels were relatively low in unexposed retina and showed a marked increase after a 4-hour exposure to light, followed by a decrease to barely detectable levels after 8 hours of light. To test whether the induction of the Rpl7 transcript level was a result of general exposure to light, or represented a light-induced oxidative stress mediated response, we examined the effect of DMTU, a synthetic antioxidant, on Rpl7 transcript levels after 4 hours of light treatment. Pretreatment of rats with DMTU before exposure to light prevented the increase in Rpl7 levels after 4 hours of exposure to intense light (Figs. 3C, 3D ). This demonstrates that the increase in Rpl7 levels without antioxidant pretreatment is a light-induced, oxidative-stress-mediated response.
Expression of Other Ribosomal Proteins in Response to Intense Light
Clones for five different Rbp genes were identified in our initial screening (Rpl7, Rpl12, Rpl16, Rpl19, and Rpl30). Four of these genes were shown to be differentially expressed by Northern blot analysis (Figs. 4, 5A) , indicating that our differential screen was successful. To obtain a broader perspective on the nature of Rbp mRNA expression over the course of LIRD, additional clones for other Rbp genes (Rps2, Rps3, Rps3a, Rpl5, Rps10, and Rps28) were examined by Northern blot analysis (Figs. 4, 5A) . Of the 11 ribosomal proteins examined, 9 showed relatively high levels in one or more of the exposure times used in the course of LIRD. There was a change in ribosomal protein gene expression that is specific for the
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large ribosomal subunits (Rpl7, Rpl16, Rpl19, Rpl30, and Rpl5) as well as the small ribosomal subunits (Rps10, Rps2, Rps3, and Rps3a), suggesting that changes occur in genes relevant to both subunits. In the unexposed retina, three of the nine genes (Rps3, Rps16, and Rpl19) were expressed at modest levels (Fig. 4C) . After a 4-hour exposure to light Rpl7, Rpl30, Rps3a, Rps10, Rps2, Rpl5, Rps16, Rpl19, and Rps3 transcript levels were all elevated, suggesting a clear induction of gene expression (Fig.  4) . Careful inspection of the profiles after increasing durations of exposure to light revealed four distinct profiles or trends of expression (Figs. 4, 5A) . In one case, the Rbp genes in question showed a marked increase in transcript levels after 4 hours of light with marked decrease after 8 hours, and very low levels (Fig. 4A ). In the second distinct profile, there was a marked increase in transcript levels after a 4-hour exposure to light followed by a modest decrease in levels throughout the profile examined (Fig. 4B ). In the third scenario, the marked increase in transcript levels after 4 hours of light is followed by little change in transcript levels during the remainder of the profile examined (Fig. 4C) . In contrast, two Rbp genes (Rps28 and Rpl12) did not appear to be highly expressed in the retina before or after exposure to intense light (Fig. 5A) . In both cases levels were low enough that the differential nature of expression of the two genes could not be determined. We also examined the expression profile of EF 1␣1, another component of the protein synthesis machinery, over the course of LIRD (Figs. 5B,  5C ). In contrast to the profiles in the Rbp genes, EF 1␣1 transcript levels showed an immediate decrease after a very brief exposure to light (2 hours), supporting the notion that not all components of the translation machinery respond the same way during LIRD.
In Silico Promoter Analysis
The promoter region of the Rbp genes under study was examined to identify abundant TF binding sites that may play a role in regulating Rbp gene expression in the degenerating retina. A crude analysis of these regions revealed that the promoters of the 11 Rbp genes under study are defined by 106 different TF DNA-binding motifs. Seventeen of these sites are conserved in every gene examined in this study (Table 3) . These DNAbinding sites include those corresponding to the following DNA-binding factors: FoxD3, AP-1, v-Myb, Pax-4, USF, Oct-1, HNF-3b, CDP CR1, HNF-4, FoxJ2, Evi-1, Lmo2 complex, c-Rel, GATA-1, Comp-1, Nkx2-5, and Hand1/E47. An explanation of TF abbreviations is given in Table 3 . The six most abundant categories of TF binding sites found in the promoter regions of the 11 genes in question are FOX family binding factors as a group and AP-1, Oct-1, v-Myb, USF, and Pax-4. These six categories of DNA-binding factor motifs constitute 41% of all motifs found collectively in these genes within 4.5 kB upstream of the TSS.
Foxd3, a member of the Fox family of TFs, has binding sites present in the promoter region of all 11 genes. Other members of the Fox family of TFs (Fox-J2, Freac-7, Freac-3, Freac-2, HFH-3, HFH-8, HFH-1, and HNF-3␤) are also present in the promoter regions of some of the genes surveyed. Overall, the DNA-binding motifs for members of the Fox family of genes are the most abundant motifs in the 11 genes surveyed. A visual inspection of the TF-binding sites of each gene revealed that the Fox motifs tend to cluster in two distinct patterns. The promoter regions of all the Rbp genes examined are characterized by areas in which there are a series of overlapping Fox motifs embedded into the sequence (Fig. 6A) . In the case of 7 of the 11 genes examined (Rps3a, Rps10, Rps16, Rpl19, Rps3, Rpl12, and Rps28) specific regions of Fox motifs took on a more structured arrangement with a minimum of three Fox motif loci that were spaced from 8 to 30 nucleotides away from each other (Fig. 6B) . Both patterns of motif clustering would encourage the binding of at least one Fox TF to the DNA at those sites and suggests that Fox-related TFs may play a major role in the regulation of ribosomal protein gene expression. An example of these clustering patterns is shown for Rps10 and Rpl19 (Fig. 6) .
DISCUSSION
The molecular mechanism that underlies LIRD is not well understood. We are attempting to define a gene expression signature that is representative of the process. In albino rats that have been reared in the dark, over 80% of the photoreceptor cells are lost in response to 4 hours of intense light followed by a 2-week dark recovery period. 6 The 4-hour exposure to light is not sufficient to cause an immediate morphologic effect on the retina, and photoreceptor-enriched genes such as rhodopsin and IRBP are still at relatively high normal levels directly after exposure to light. 15, 21 Oxidative-stressinducible genes, such as hemeoxygenase-1 or clusterin, are not induced and DNA fragmentation is not noticeable directly after 4 hours of exposure to light. 11, 15, 48 The observations therefore suggest that 4 hours of light, at the intensity we used, is sufficient to direct the cells toward an apoptotic fate but does not immediately force them to manifest an active cell death phenotype. In our study, we found that a large number of genes isolated from a differential screen of a 4-hour lightexposed rat retinal cDNA library represented distinct components of the protein synthesis machinery. The apoptotic process is thought to be an active one, requiring gene and protein expression for the manifestation of active cell death. 49 In general, pretreatment of cells with RNA and protein synthesis inhibitors blocks cell death, suggesting that both transcription 
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and translation are necessary for the apoptotic process to occur.
14 In our initial study examining Rpl7 expression during LIRD, we found a very sharp induction of transcript levels after 4 hours of light followed by a sharp decrease in levels after 8 hours. Pretreatment of animals, with the antioxidant DMTU, before a 4-hour exposure to light successfully suppressed the observed Rpl7 induction (Fig. 3 ). Our conclusion is that the sharp induction in Rpl7 transcript expression is due to the effects of the intense light, which is known to generate an oxidative stress environment, and not simply from light alone. An analysis of 10 other Rbp genes established that not all Rbp genes were highly expressed after exposure to intense light. Both retinal Rps28 and Rpl12 are not highly expressed in untreated animals or in light-treated animals. In contrast to the profiles of Rbp gene expression, 18S ribosomal RNA levels are high and unchanged throughout the LIRD profile and EF 1␣1 transcript levels show an immediate decrease from normal levels after 2 and 4 hours of light. Like the Rbps, both 18S ribosomal RNA and EF 1␣1 are components of the protein synthesis machinery. Hence, the alteration in transcript levels of the nine Rbp genes that showed an induction represents a specific response to the effects of intense light.
The induction of Rbp expression after 4 hours of light treatment could be associated with their role in translation. An involvement of this machinery in apoptosis is not unexpected, as the apoptotic process necessitates new gene and protein expression. Eventually, however, the protein synthesis machinery also becomes a target as apoptosis proceeds; thus, the induction of Rbp transcript levels after light treatment could be a response to the cell's increased demand for protein synthesis as the apoptotic program is initiated. Inhibition of protein synthesis could eventually be mediated by caspase-directed inactivation of a number of different EFs central to the initiation of translation. 50, 51 Alternatively, as part of the ribosomal machinery, ribosomal proteins could be involved in regulating which transcripts are translated into proteins. Therefore, variation in Rbp expression could alter the balance of anti-and proapoptotic factors that are translated and have a direct role in defining a cell death fate. 52 An increased demand for translation usually results in an increased efficiency of translation rather than an increase in the number of ribosomes. 35 Therefore, if ribosomal protein gene expression is induced solely in response to an increased demand for translation, the induction of EF 1␣1 protein and 18S rRNA would also be expected, because ribosome assembly occurs in a stoichiometric manner. 29 Our observations suggest that changes in a subset of retinal Rbp genes by exposure to intense light is a specific alteration in expression and not a general phenomenon that affects all genes of the protein synthesis machinery. By far the largest change we detect is after a 4-hour exposure, an exposure that does not immediately result in signs of extensive oxidative stress or signs of photoreceptor cell dysfunction. 15 Changes in Rbp gene expression have not been previously associated with retinal degeneration; however, they have been reported in various cancerous states, 2, 8, 32, 35 abnormal blood cell differentiation, 39 and Turner syndrome. 53 In addition, select changes in specific large ribosomal subunit protein genes (Rpl21, Rpl15, RPL3a, and Rpl7a) have recently been associated with age-related cataracts, 43 suggesting that pathways mediated by Rbps may be involved in maintaining lens transparency. An intriguing observation is the finding that some Rbps may be multifunctional in nature. Several ribosomal proteins have been associated with DNA damage repair, cell cycle regulation, cell differentiation, oogenesis, development, and cell death. 30 -42 Currently, there is some question as to whether these genes initially coded for proteins explicitly involved in ribosome function, or whether they represented preexisting genes, responsible for other cellular functions, and were evolutionarily recruited into a role in protein synthesis. 30, 41 Of the genes we studied, the strongest candidates for participating in extraribosomal roles during retinal degeneration were Rpl7, Rps3a, and Rps3. Extraribosomal functions have been documented for all three proteins in other model systems for studying active cell death. Rps3 has been shown to have an oxidative DNA damage repair capacity and therefore may provide a means of survival for a cell placed in an oxidative stress environment. 44 In contrast, Rps3a expression has been associated with the induction of apoptosis in NIH 3T3-derived cells. 31 Rpl7 has a basic leucine zipper motif and can function as a coactivator of nuclear receptors. 54 Constitutively high Rpl7 levels in Jurkat cells is associated with increased cell sensitivity to apoptotic stimuli. 36 A function of Rpl3, Rpl3a, or Rpl7 in apoptosis, cell death susceptibility, or cell death sensitivity could all be significant in the process of retinal degeneration. However the association of the six additional Rbps, which do not have any known independent apoptotic functions, with the LIRD process implicates the ribosome as a possible mediator of cell death.
To examine how gene expression may be regulated, common regulatory elements can be identified by examining the promoter region of each gene. 55 Analysis of the promoter region revealed that all 11 of the Rbp genes in question are characterized by a very similar set of TF-binding motifs. The most abundant of these putative TF binding sites are for AP-1, Oct-1, v-Myb, Pax-4, USF, and Fox binding factors. The activities of both AP-1 and Oct-1 TFs have been documented during LIRD in mice. 56 AP-1 DNA binding increases and Oct-1 DNA binding decreases after exposure to intense light. 57 Oct-1 is a ubiquitous TF of the POU-homeo family of proteins, that is involved in regulating housekeeping genes such as small nuclear RNA genes. 58 The myb gene family consists of three members: A-myb, B-myb, and C-myb. V-myb arises as a truncated form of the C-myb protein. The three members of the myb gene family have high homology in their DNA-binding domains, and bind DNA with overlapping sequence specificities. 59 A-myb is believed to be involved in the proliferation and differentiation of neurogenic cells and is expressed in neural tube, hindbrain, olfactory epithelium, and neural retina during mouse embryogenesis. 60 V-myb induces proliferation of chicken neuroretina cells in vitro. 61 The presence of USF and Pax-4 has not been examined in the retina. Hence, their function in retinal cell loss is unknown. The abundance of binding sites for these TFs in the Rbp genes examined suggests that they may be involved in regulating these genes. The upstream stimulatory TFs 1 and 2 (USF) are , and Rps3a; (B) Rps10, Rps2, and Rpl5; and (C) Rps16, Rpl19, and Rps3. The main differences in the profiles lie in the relative rate at which levels decreased after the initial increase observed after a 4-hour exposure to light. For each gene examined graphs depicting the average mRNA levels in three independent determinations are also shown.
ubiquitous helix-loop-helix TFs. USFs are expressed in the brain, and recent research suggests that the activate of USFs may be induced by calcium influx into neurons. 62 The pairedhomeobox TF Pax-4 has been studied most extensively in pancreatic beta cells and is involved in islet development in the pancreas. 63 Pax-4 is thought to have an effect on gene expression by inhibiting Pax-6 DNA binding, either through competition for DNA-binding sites or protein-protein interactions. 63 Although Pax-4 has not been identified in the retina, both Pax-6 and -2 are involved in retinal development and specific eye disorders. [65] [66] The predominant class of TF DNA-binding motifs found in all Rbp genes we examined corresponded to sites recognized by TFs belonging to the FOX family of genes. Of the 30 members of the FOX protein family, 67 three were found consistently throughout the promoter regions of the ribosomalbinding protein genes examined. These include: FoxD3, FoxJ2, and HNF-3B (FoxA2). Many of these FOX TF DNAbinding sites appear in clusters that are separated by Ͻ30 bp within a given putative Rbp promoter region or as complicated overlapping networks of FOX TF DNA-binding sites (Fig. 6) . In either case, the repetitive nature of these motifs would encourage interaction of Fox-related TFs should they be expressed. 68 Mutations in several members of the Fox TF gene family (FoxC1, FoxE3, FoxL2, and FoxC2) are known to underlie anterior eye-related disorders. 69 -73 Mutations in Fox genes have not been associated with human retinal degenerative disease, although FoxG1, FoxD1, and Foxn-4 are all known to be involved in retinal development. 74, 75 The most abundant DNA-binding motif found in the genes under study corresponds to the site recognized by FoxD3, a TF involved in establishing the neural crest lineage during development.
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FoxD3 expression, however, has not been reported in retinal tissue.
The current report is the first that associates changes in the expression of specific Rbp genes with the process of retinal degeneration. Analysis of the putative promoter regions of each of the Rbp genes examined led to the identification of TF-binding factors that may be relevant in defining the process of LIRD but that have not been studied in the retina before, thus opening new avenues for study. Although we have identified several TF motifs that are present in all the Rbp genes examined in this study, we have yet to explore the essential differences in the promoter regions of these genes that mediates four different profiles of Rbp expression (Figs. 4, 5) . We FIGURE 5. Northern blot analysis of components of the translational machinery that do not markedly increase their levels of expression over the course of LIRD (A) Rpl12, Rps28 and (B) EF 1␣1. Whereas Rpl12 and Rps28 did not appear to be highly expressed at any point in the expression profile examined, EF 1␣1 showed a decrease in mRNA levels after immediate exposure to intense light. For EF 1␣1 a graph depicting the average mRNA levels in three independent determinations is shown (C). Further work is needed to determine whether changes in the expression of these genes affect translation and whether this in turn has an effect on the LIRD phenotype, or whether it is the alternate multifunctional nature of some of these genes that mediates LIRD. Moreover, whether or not such changes in gene expression precede or occur during visual cell death in retinal degenerative disorders such as RP remains to be elucidated. 
